In 2005 Huet proposed a semi-analytical model to correlate between rock permeability and capillary pressure data. The model was proposed with the intention to be a "universal" model where the correlation was to be unique over a wide range of rock types. The objectives of this study are to verify the power-law relationship between permeability and the mercury injection capillary pressure (MICP) parameters in Huet's semi-analytical model and to propose a new correlation to predict permeability from the MICP data. The semi-analytical (Huet) model correlates permeability with porosity (), irreducible wetting phase saturation (S wi ), displacement pressure (p d ), and the pore-size distribution index () obtained from MICP data.
Introduction
The estimation of formation permeability from mercury injection capillary pressure (MICP) is useful when core samples are not available for routine permeability measurements (Kamath 1992) . Estimation of formation permeability from MICP is also beneficial for tight reservoir samples, where permeability measurement using constant-flow equipment becomes very time consuming and possibly/probably inaccurate (Dicker and Smits 1988) . Many models were developed empirically and analytically to relate the capillary pressure profile of a rock sample to its permeability. This study focuses on two models: the Swanson model (Swanson 1981 ) and the Huet model (Huet 2005) .
Swanson model:
The Swanson model (Swanson 1981) was developed empirically from the observations on 319 sets of MICP data, which were obtained from samples of both sandstone and carbonate reservoirs. Swanson studied the use of mercury injection capillary pressure (MICP) together with the initial-residual saturation curve of sandstone and carbonate reservoir samples. He found that, when the MICP data were plotted as a hyperbolic curve proposed by Thomeer (1960) (i.e., a log-log plot of the percent bulk volume occupied by mercury (S b ) versus capillary pressure (p c )), the apex of that hyperbolic curve often coincides with the inflection point of the initial-residual saturation curve.
Swanson explained the inflection of the initial-residual saturation curve as the point where the distribution of the nonwetting phase (mercury) is in transition from broadening spatial distribution and trapping to fine structure trapping and/or intrusion of the non-wetting phase into "corners" of pores. The saturation of the non-wetting phase at which the initial-residual curve starts bending should therefore represent the effective pore space contributing to fluid flow. Since the inflection point of the initial-residual curve was found to coincide with the apex point of the capillary pressure curve, the pore size connecting the effective pore space can then be determined from the capillary pressure at the apex point. In concept, considering the Washburn relation (Washburn 1921) , the reciprocal of the capillary pressure is proportional to the pore-throat size. Swanson then postulated that the product of the non-wetting phase bulk saturation and the reciprocal of the capillary pressure at the apex of the hyperbolic capillary pressure curve should be related to the permeability. Swanson found a strong correlation between the permeability (k) and his correlating parameter, which will be referred to as the Swanson apex parameter ([S b /p c ] A ). The Swanson permeability relationship is given in a power-law form which can be written as:
Huet model:
The Huet model or the semi-analytical model (Huet 2005) was developed from the analytical work done by Wyllie and Gardner (1958) . By adding an aspect of randomly connected pores of different sizes into the bundle of capillary tubes model, Wyllie and Gardner derived an analytical relationship between permeability and the capillary pressure profile. The final form of the derivation demonstrated by Nakornthap and Evans (1986) is given as:
where k is permeability in md,  is porosity in fraction, S wi is irreducible wetting phase saturation in fraction, is interfacial tension between wetting phase and non-wetting phase fluid in dynes/cm, is the contact angle, p c is capillary pressure in psia, and 21.32 is a units conversion constant (md-psia 2 /(dynes/cm) 2 ).
The parameter S w * is the effective wetting phase saturation (dimensionless) and it is defined as a function of wetting phase saturation (S w ) and the irreducible wetting phase saturation (S wi ) as follows:
The numerical constant n reflects the manner in which the pores are connected. The parameter  is inserted to account for the assumption made by regarding the connectivity of the pores of different sizes. Nakornthap and Evans (1986) described the parameter, as follows:
The parameter  is inserted to recognize the fact that flow through a pore of radius r overemphasizes the impedance because it ignores the larger areas available for exit flow at either side of the constrictions formed where pores abut. Thus it may be expected that  ~ 1 and that the actual magnitude of  is a function of the average shape of pores in the medium that the model represents.
Huet solved the integration term in Wyllie and Gardner's derived relationship by using the Brooks-Corey capillary pressure model (Brooks and Corey 1964) . The relationship between capillary pressure (p c ) and the effective wetting phase saturation (S w * ) of the Brooks-Corey capillary pressure model is given as:
The parameter p d is the displacement pressure, which is defined as the pressure at which the non-wetting phase form a continuous phase in the porous media. The parameter is designated as "pore-size distribution index". In the Brooks and Corey (1964) experiment, they found that the value of  parameter tended to be large for the samples with relatively uniform pore-size, and small for the samples with wide range of pore-size distribution. These two characteristic parameters can be determined from the capillary pressure data. By plotting the capillary pressure data versus the effective wetting phase saturation in a log-log plot, the data should exhibit a straight line trend. The displacement pressure (p d ) is the extrapolation of that straight line to the effective saturation of 1, and the pore-size distribution index () is a negative reciprocal of the slope of that straight line. The significance of this result is the suggestion of the power-law relationship between permeability (k), displacement pressure (p d ), index of pore-size distribution (), irreducible wetting phase saturation (S wi ), and porosity (). Expressing the derived result in a (generic) correlation form, where a 1 , a 2 , a 3 , a 4 , and a 5 are the independent correlation parameters, we have:
In the Huet study (Huet 2005) , the model above was correlated using 89 samples from sandstone and carbonate reservoirs. For reference (and for relevance to this study), the Huet study considered only cases where the capillary pressure was obtained using the mercury injection method. The result showed an excellent correlation over a wide range of permeability (0.004 md to 8340 md), which suggests significant potential of this model to predict permeability from capillary pressure.
The semi-analytical model proposed by Huet (2005) was developed with the intention for this to be a "universal" model where the correlation between formation permeability and capillary pressure data was uniquely correlated over a wide range of rock types. While it is possible that there will never be a "universal" relationship, work such as that proposed by Huet does provide a "semi-analytical" basis for relating permeability. In the present work, we extended the use of this model to a larger data set to further verify the application of this model using mercury injection capillary pressure (MICP) data. With a comprehensive data set (323 samples are used for our work), we also provide a revised semi-analytical model to predict absolute permeability from MICP data. The performance of the Huet model optimized to our data set in predicting permeability is then compared to the optimized Swanson model. The relationship between the Huet model and the Swanson model is also analytically derived. This analytical work has given an insight into the viability of the Swanson model, which was developed empirically, as well as supporting the superiority in correlating permeability to capillary pressure parameters of the Huet model.
Development of a New Semi-Analytical Model
The development of our new correlation to predict absolute permeability from the mercury injection capillary pressure parameters is based on the semi-analytical model proposed by Huet (2005) . We used the mercury injection capillary pressure (MICP) data sets obtained from the original work of Huet, as well as additional data sets from the literatures (Byrnes 2009; Xu 2013) . These data sets include samples from tight sandstones, as well as conventional sandstone and carbonate reservoirs. We attempted to obtain relevant "shale" samples, but no comprehensive/complete data sets for shales could be found in the public literature. For consistency, we retained our focus on mercury injection capillary pressure (MIPC) data as studied by Huet. A total of 573 mercury injection capillary pressure (MICP) data sets were reviewed and considered for use in this work. Ultimately, we selected 323 samples where the MICP data exhibit a suitably smooth trend sufficient to generate parameter estimates. We paid particular attention to the data quality at high wetting phase saturation region (i.e., low mercury saturation). In addition, all of the selected samples exhibit a clear displacement pressure (p d ). We also made certain that the reported permeabilities of the samples selected were obtained from direct measurements, not calculations from other properties, in order to prevent bias in our work. Our selected samples include permeabilities ranging from 4.5x10
md to 8.3x10 3 md and porosities ranging from 0.9 to 37.1 percent. This new data set covers permeabilities in the mid-range (0.5 to 100 md), which was lacking in the original work by Huet (2005) . Histograms showing the distributions of the permeabilities and porosities of the samples in our data set are shown in 
b. a.
Using the MICP data set for each sample, we determined the Brooks-Corey MICP model parameters (i.e., the displacement pressure (p d ), pore-size distribution index (), and the irreducible wetting phase saturation (S wi )) by datamodel-matching via regression (with hand corrections when necessary). We utilized the Solver Module in Microsoft Excel (2013) to determine the three Brooks-Corey MICP model parameters (p d , , and S wi ) by minimizing the sumof-squared-residuals (SSR) between the actual and calculated MICP curves.
We also used specialized plots to visually verify the data-model matches. The two plots we used are the semi-log plot of the capillary pressure (p c ) versus the wetting phase saturation (S w ) and the log-log plot of the capillary pressure (p c ) versus the "effective" wetting phase saturation (S w * ). As originally described by Brooks and Corey (1964) , the selected value of S wi should result in most of the points laying sufficiently close to a straight line on the log-log plot of the capillary pressure (p c ) versus the "effective" wetting phase saturation (S w * ). The -parameter is a function of the slope of that straight line (i.e., slope = -1/), and the parameter p d is the capillary pressure at S w * = 1 extrapolated from the specified straight line. Examples of the semi-log and log-log analysis plots are illustrated in Fig. 2 .
During this process, we observed that several of the MICP data cases tended to deviate from the Brooks-Corey capillary pressure model at high mercury saturation (i.e., low wetting phase saturation). Because of these deviation features, the selection of a concise data range for matching the data with the model was often subjective. We stated that our workflow for this process was both robust and consistent, but we must acknowledge that some of the cases have more "subjective" matches than others. 
c.
Ranges of p d , , and S wi determined of the selected 323 samples are summarized in Fig. 3 together with the histograms of each parameter to illustrate the distributions of the sample properties we used to generate our new correlation.
The regression analysis was performed using the semi-analytical model proposed by Huet (2005) (Eq. 6). As the model proposed was in the power-law form, the regression model was first linearized by taking logarithm of Eq. 6. We then performed multiple linear regression techniques using the statistical software R (2015) with the linearized Huet model given as:
Using our database (323 samples) of permeability (k) and porosity (), as well as the determined p d , , and S wi parameters, the optimized coefficients of the regression model were obtained and shown in Table 1 together with the statistical summary of the analysis. Fig. 4 shows the log-log plot of the permeabilities calculated with the optimized model versus the measured permeabilities. The semi-analytical (Huet) model optimized to our database can then be written as:
To better illustrate the quality of the correlation, we note that 95 percent of the data matched with the new optimized model lie within a factor of 9.1, and 58 percent of the data matched with the new optimized model lie within a factor of 2 of the measured permeabilities. As is evident in Fig. 4a , the new correlation appears to be best suited for cases where the permeability is greater than 1 md -however; it should also be noted that although there is more "scatter" in the optimized results for permeabilities less than 1 md, the scatter is reasonably centered about the "perfect correlation" trend. As a recommendation for future work, we strongly encourage continued investigations for cases where the formation permeability is less than 1x10 -3 md.
As stated earlier, several of the MICP data cases tended to deviate from the Brooks-Corey model at low wetting phase saturations. We have tested the impact of the quality of the MICP data to assess the correlation strength between permeability and the MICP parameters according to the semi-analytical (Huet) As the variability of the calculated permeabilities using the optimized model to the measured permeabilities was observed to be higher for low permeability cases, we have separately evaluated the predictability of our optimized semi-analytical model at permeability above and below 1 md. For permeability cases above 1 md, the calculated 95 percent prediction interval is within a factor of 3.97. This means there is 95 percent chance that the actual permeability will be within a factor of 3.97 of the predicted permeability using our optimized semi-analytical model. The 95 percent prediction interval of permeability below 1 md is significantly higher (a factor of 12.70). This could be due to the higher uncertainty in measurement of properties, such as permeability and porosity. The calculated prediction intervals are shown in Fig. 4b as the red dotted lines. To better understand the performance of the model, controlled laboratory measurements will be required for samples with low (and ultra-low) permeability to reduce the uncertainties of each predicting parameters (i.e., permeability, porosity, and MICP data).
Comparison of a New Semi-Analytical Model and the Swanson Model
The Swanson model (Swanson 1981 ) is perhaps the most commonly correlation used to predict permeability from capillary pressure data. Recall that a power-law relationship was observed between the permeability and Swanson's correlating parameter (Swanson apex Fig. 5a . The correlating parameters (a 1 and a 2 ) for the Swanson correlation model were optimized by the use of simple linear regression in the logarithmic domain. By taking the logarithm of the Swanson correlation model (Eq. 1), the regression model can be written as:
The regression results are shown as a log-log plot of the calculated permeability (i.e., permeability calculated with the optimized Swanson model) versus the measured permeability in Fig. 5b . The optimized coefficients and the statistical summary from the regression analysis with the Swanson model are summarized in Table 2 . The regression results summary of the semi-analytical (Huet) correlation model and the Swanson correlation model are summarized again in Table 3 for comparison. The sum-of-squared-residuals, mean-squared-error, and residualstandard-error obtained for the (Huet) semi-analytical correlation model were all shown to be (slightly) lower than those of the Swanson correlation model. The value of R-squared for the semi-analytical (Huet) correlation model was shown to be (slightly) higher than the R-squared of the Swanson correlation model. These results suggest that the semi-analytical (Huet) model is a better permeability correlator than the Swanson correlation model. In other words, our optimized semi-analytical model should yield a better permeability prediction than the optimized Swanson model. We do note that the significance of the statistics for the Huet model is only slightly better than that for the Swanson model. 
Swanson model with forced exponent:
The log-log plots of the calculated permeability versus the measured permeability of both models (Eqs. 12 and 13) are shown in Fig. 6 . The statistical summaries of both models are given in Table 4 . The values of all statistical variables of both models are observed to be comparable to their fully optimized models. This relationship is confirmed by the data from core samples in our database. Fig. 7a is a crossplot between the Swanson apexes versus the functions of Huet's parameters from our database of the selected 323 samples. A strong correlation is observed. This observed behavior verifies our assumption of the forced exponents of 2 and the derived relationship between the Swanson apex and the function of Huet's parameters. As a consistency check, we solved Eq. 14 for -parameter, which can be written as:
We then compared the -parameter obtained originally from the MICP data with the -parameter calculated using the derived function. The crossplot of the two -values shown in Fig. 7b suggests an extraordinary correlation of the -values calculated using Eq. 15 and the -values estimated directly from MICP data. 
Analytical Relationship between the Huet Model and the Swanson Models
By assuming the Brooks-Corey capillary pressure model (Brooks and Corey 1964) The relationship between parameters obtained above is a power-law form similar to the formulation we obtained using the regression analyses. The only difference is the -function. We studied from the data in our database to determine the relationship between the two functions of the -parameter and we found from our database that the range of the -parameter is 0.15 <  < 5. The fully optimized correlation between the two -functions is:
This relationship may be simplified by forcing the exponent of the term on the right-hand side of Eq. 18 to unity (i.e., 1). The simplified relationship of the two -functions is:
Substituting Eq. 19 into Eq. 17, the analytical relationship of the Swanson apex can be written in the same form as the result obtained using regression analyses (i.e., Eq. 14) as follows:
The resulting relationship of the Swanson apex given by Eq. 20 agrees very well with the result obtained with the regression analyses (Eq. 14) -the slight difference in the derived constant (75.23 (analytical result) versus 76.48 (regression result)) is insignificant in the context of proving the "analytical" relationship between the Swanson and Huet permeability correlations. We prove this by validating the relationship between the two -terms with a difference constant value given as: Fig. 9 shows that the assumed relationship (Eq. 20) can represent the data as well as the fully optimized correlation (Eq. 18) between the two -functions. Assuming that the constants are equal, Eq. 14 (the regression result) can be recast into the original form of Eq. 17 (the analytically derived relationship) as follows: Figure 9 : -Verification of the assumed relationship between the Swanson and Huet -terms using MICP data (323 samples).
As a final form, the Swanson -function is written as a power-law correlation model in terms of the Huet -function as follows: Substituting Eq. 17 into Eq. 1 we obtain the "generalized" Swanson permeability as follows:
Substituting Eq. 22 into Eq. 23 yields:
By assuming that the correlation parameters in Eq. 24 are independent (i.e., unique and non-repeated), the Swanson model has exactly the same form as the Huet model which is given as:
This derivation has also shown that the semi-analytical model is the more generic form of the Swanson correlation model, and should represent the relationship between the capillary pressure and the permeability more robustly than the "traditional" Swanson permeability model (i.e., Eq. 1).
Conclusions
The following conclusions have been derived from this work:
1. The power-law relationship between the permeability (k), porosity (), capillary displacement pressure (p d ), index of pore-size distribution (), and the irreducible wetting phase saturation (S wi ) in the form of the semianalytical model (Huet 2005 ) is proved over 11 log-cycles of permeability (1x10 -7 < k < 1x10 4 md). 2. A new correlation to predict the absolute permeability from mercury injection capillary pressure (MICP) data based on the semi-analytical (Huet) model is provided with the predictability of a factor of 3.97 for permeability above 1 md and 12.70 for permeability below 1 md. 323 data sets from our database were used to obtain this correlation. 3. The semi-analytical (Huet) model is shown to be better both statistically and analytically for correlating the permeability (k) with the mercury injection capillary pressure data as compared to the Swanson model (Swanson 1981 
